ABSTRACT Using a three-panel runway task, the influence of dorsal hippocampal lesions on working and reference memory in rats was investigated. Despite 20 postop erative training sessions, rats with hippocampal lesions were unable to perform the working memory task. In the acquisition process of the reference memory task, however, there was no significant difference between hippocampal and sham-lesioned rats. On the other hand, rats trained preoperatively with a working memory proce dure, and then subjected to hippocampal lesions, showed more errors (pushes made on the two incorrect panels of the three panel-gates located at four choice points) than did sham-lesioned rats. The increase in working errors induced by hippocampal lesions was not reduced during 10 subsequent re-training sessions. Hippocampal le sions had no effect on retention of the reference memory performance. The increase in working errors in hippocampal-lesioned rats was significantly reduced by treatment with the cholinesterase inhibitor physostigmine at 0. 1 mg/kg and the cholinergic acti vating drug minaprine at 10 mg/kg. These findings suggest that lesions of the dorsal hippocampus selectively impair the ability to carry out the working memory task whether rats are trained preoperatively or postoperatively, and that the working mem ory loss in hippocampal-lesioned rats is mediated by lowering of the cholinergic func tion.
The hippocampus is implicated as a brain structure necessary for normal memory func tions in animals and humans. It has been shown that lesions of the septo-hippocampal system in rats cause profound memory def icits, as assessed in a radial maze task (1, 2) . Hippocampal lesions also impair the place learning of rats in the water maze task (3) . The mnemonic interpretation of hippocampal function is supported by the appearance of a severe amnesic syndrome in patient H.M. fol lowing bilateral removal of the temporal lobe (4) and patient R.B. following a lesion limited to the hippocampus (5) . On the other hand, neuronal loss and a great number of neuro fibrillary tangles and senile plaques have been found in the hippocampus of patients with Alzheimer's disease (AD) and senile dementia of the Alzheimer type (SDAT) (6, 7) . In the hippocampal formation, there are also marked reductions in the activity of choline acetyl transferase, the enzyme that synthesizes acetyl choline, in these pathological states (8, 9) . In light of the role of the hippocampus in mem ory, these changes are likely to contribute to the memory deficits seen in AD and SDAT patients.
We previously reported a new method for the study of learning and memory in rats, us ing a three-panel runway apparatus (10, 11) . In the present study, we investigated the ac quisition and retention of the runway perfor mance of rats with dorsal hippocampal lesions based on working and reference memory pro cedures. In addition, the effects of cholinergic stimulant drugs on the memory deficit induced by dorsal hippocampal lesions were examined.
MATERIALS AND METHODS

Subjects
Eight to ten-week-old male rats of the Wis tar strain (Nippon SLC) were used in a three panel runway task. Initially, their free-feeding weights were 230 250 g, but at the start of the experiment, they were maintained at approximately 80% of this level. The rats were housed in groups of four per cage with water freely available. A rat was given three food chops (about 15 g) per day. Room temperature was kept at 23 ± 2°C with a 12-hr light-dark cycle (light period: 07 : 00 -19 : 00) throughout the experimental period.
Three-panel runway task
Working and reference memory were assess ed by a three-panel runway apparatus (10, 11) . The apparatus (175 X 36 X 25 cm, length X width X height) is composed of a start box, a goal box, and four consecutive intervening choice points. Each choice point consists of a gate with three panels (12 X 25 cm, width X height). The rats are prohibited from passing through two of the three panels in the gate by front stoppers and are also prohibited from re turning either to the start box or to a previous choice point by rear stoppers affixed to each of the panels in all gates. When the rats reach the goal box, they can obtain two food pellets (about 50 mg each, Muromachi Kikai).
Initially, all front stoppers were removed so that at each choice point a rat could pass through any one of the three panel-gates. The rats were made to run the task repeatedly un til the time elapsed from leaving the start box to reaching the goal box fell consistenly below 20 sec. Once rats reached this state, they were made to run the task under the condition that the front stopper of only one of the three panel-gates (the correct panel-gate) was re moved at each choice point.
In the working memory task, six consecutive trials were performed each day at 2-min inter vals (one session). The locations of the correct panel-gates were held constant within a ses sion, but were changed from one session to the next. Thus, twelve patterns of correct panel-gate locations were used in this experi ment, as described previously (10, 11) . In the reference memory task, three consecutive trials were given each day at 2-min intervals (one session). The locations of the correct panel-gates were held constant both within a session and in succeeding sessions. The num ber of times an animal pushed an incorrect panel-gate (errors) and the time required for the animal to take food pellets (latency) were recorded for each rat in each trial of a session. The criteria for learning were less than 8 errors summed from the second to sixth trial in the working memory task and less than 1 error per trial in the reference memory task for each of three consecutive sessions.
Hippocampal lesions
Rats under pentobarbital anesthesia were fixed in a stereotaxic instrument. Lesions of the dorsal hippocampus were produced with a lesion generator (Muromachi Kikai, RFG-4A) in which the temperature of the electrode tip could be monitored. The electrode (0.25 mm in diameter, 1.0-mm exposed tip) was inserted into the dorsal hippocampus (anterior: -3.3 mm from the bregma, lateral: 2.6 mm from the midline, horizontal: 2.8 mm from the dura) according to the rat brain atlas of Pax inos and Watson (12) . The bilateral hippocam pal lesions were induced by an increase in the tissue temperature to 70°C within 15 sec, with maintenance of this temperature for another 30 sec. The sham-lesioned rats were treated using the same procedure, but without increas ing the tissue temperature after insertion of the electrode.
Experimental procedure
The experiment was divided into two sec tions to investigate the effects of dorsal hippo campal lesions on two different processes of learning and memory in the three-panel run way task.
Experiment 1: This experiment was designed to examine if hippocampal lesions impair the acquisition process in the working and refer ence memory tasks. First, rats received hippo campal lesions. Five days after surgery, the hippocampal lesioned rats were trained to take food pellets placed in the goal box with re moval of all front stoppers of three panel gates. From the following day, the rats were made to run the task on the condition that they could pass through only one of the three panel-gates at all choice points. Experiment 2: Before receiving hippocampal lesions, rats were trained in the working and reference procedure used in the three-panel runway task. After the animals achieved the criterion of learning, they were subjected to the hippocampal lesions. They were allowed 5 days to recover from surgery before being given the runway test. Thereafter, testing was conducted once daily for 10 days. In other groups of hippocampal lesioned rats, the effects of some drugs on the memory impair ment were examined 5 days after surgery. In addition to experiments with hippocampal lesioned rats, animals that achieved the crite rion of the reference memory task were sub jected to the scopolamine test.
Drugs
The drugs used in this study were physostig mine salicylate (Sigma), minaprine [3-(2-mor pholino-ethylamino)-4-methyl-6-phenyl-pyrida zine dihydrochloride, Sanofi], S-adenosyl-L methionine sulfate tosylate (Fuji Chemical In dustry) and (-)scopolamine hydrobromide (Sigma). Physostigmine, minaprine and scopo lamine were dissolved in distilled water. S Adenosyl-L-methionine was dissolved in phos phate buffer solution, and the pH was ad justed to pH 4.0-6.0 with NaOH solution. Physostigmine (0.1 mg/kg) and minaprine (10 mg/kg) were administered p.o. 1 hr before the runway test. S-Adenosyl-L-methionine (180 mg/kg) was injected i.p. 50 min before test ing. Rats were injected i.p. with scopolamine (0.56 mg/kg) 20 min before the test session. The doses for the drugs were expressed in terms of the salt and were adopted as an optimal dose determined on the basis of our previous behavioral studies (11, 13, 14) .
Histology
After completion of testing, the rats were anesthetized with ether, and the brain was perfused with 10% formalin solution through the left cardiac ventricle. After the brain was removed, sectioned slices at 50,um thickness were stained with cresyl violet. The site and extent of the hippocampal lesions were veri fied histologically. The extent of the minimum and maximum lesions of the dorsal hippocam pus are illustrated in Fig. 1 . The lesions pro duced damage ranging from 2.3 to 4.3 mm posterior to the bregma. In the reference memory task, both items in the first of three trials were presented because they were important for evaluating the holding of the constant location of correct panel-gates.
The significance of the differences between groups was analyzed using the Mann-Whitney U-test. Fig. 2 . Influences of dorsal hippocampal lesions on the acquisition of working and reference memory in the three-panel runway task. Initially, rats received hippocampal lesions and then given the runway training from the 6th day after surgery. Each point represents a mean ± S.E. for six animals. In the working mem ory task (upper panels), the number of errors and latency summed from the second to sixth trial of a ses sion were presented. Both items on the first trial of a session were presented in the reference memory task (lower panels). The significance of the differences from sham-lesioned rats was determined with the Mann Whitney U-test. * P < 0.05, * * P < 0.01. 0: sham lesions, •: hippocampal lesions.
RESULTS
Experiment 1
In the working memory task, the total num ber of errors from the second to sixth trial de creased markedly with repetition of training in the sham-lesioned rats (Fig. 2, upper panels) , while errors in the first trial remained constant at approximately four. About 15 20 training sessions were required for the rats to achieve the criterion of less than 8 errors summed from the second to sixth trial of a session. In the dorsal hippocampal-lesioned rats, errors in the first trial were also maintained at approx imately four throughout the sessions. The total number of errors in 2 6 trials made by the hippocampal-lesioned rats was significantly higher than that made by sham-lesioned rats in the 10th and later training sessions. None of the six rats with hippocampal lesions reached the criterion of the working memory task after they were given 20 training sessions. Latency in 2 6 trials was significantly longer in the hippocampal-lesioned rats than in the sham lesioned rats from the 5th to 15th session. However, the latency was markedly reduced in both groups as training sessions were re peated.
In the reference memory task, errors made by the dorsal hippocampal-lesioned rats de creased markedly with repetition of training, as seen in the sham-lesioned rats (Fig. 2 , low er panels). Latency in both groups was simi larly reduced with repeated sessions, while the latency in the first session in rats with hippo campal lesions was significantly longer than that in the sham-lesioned rats. Fig. 3 . Influence of dorsal hippocampal lesions on working memory in the three-panel runway task. Rats were trained preoperatively until they achieved the criterion and then subjected to hippocampal lesions. The runway test was held 5 days after surgery. Each point represents the mean ± S.E. of errors and latency for six animals on each trial of a session. 0: sham lesions, •: hippocampal lesions.
Experiment 2 Dorsal hippocampal lesions caused a mark ed increase in errors assessed by the working memory procedure in the three-panel runway task, without affecting the number of errors made in the first trial (Fig. 3 and Table 1 ). Latency in 2 6 trials was also significantly prolonged by hippocampal lesions. The num ber of working errors in hippocampal-lesioned rats did not decrease in the subsequent re training sessions, and the values were signifi cantly higher as compared with those seen in sham-lesioned rats until the 10th session (Fig.  4) .
Physostigmine at 0.1 mg/kg and minaprine at 10 mg/kg significantly reduced the increase in working errors in rats with lesions of the dorsal hippocampus (Table 1) . These drugs had no effect on prolonged latency in hippo campal lesioned rats. S-Adenosyl-L-methionine at 180 mg/kg failed to reduce the increase in working errors induced by hippocampal le sions. S-Adenosyl-L-methionine prolonged the latency in the first trial, as well as from the second to sixth trial.
In the reference memory task, neither the number of errors nor the latency was in creased by dorsal hippocampal lesions (Table  2 ). In contrast, intraperitoneal injection of scopolamine at 0.56 mg/kg significantly in creased both items in the reference memory task. Fig. 4 . Changes in the increase in working errors induced by dorsal hippocampal lesions when runway ses sions were repeated. The rats had been retrained from the 5th day after surgery. Each column represents the mean ± S.E. of errors summed from the second to sixth trial of a session (N = 6). The significance of the differences from sham-lesioned rats was determined with the Mann-Whitney U-test. * * P < 0.01. El: sham lesions, 01: hippocampal lesions. 
DISCUSSION
Working memory allows animals to remem ber information that is useful for a single ses sion of an experiment but not for subsequent sessions, whereas reference memory is defined as the holding of information that is of con tinued value across all sessions (15, 16) . In the present study, lesions of the dorsal hippocam pus significantly impaired acquisition of work ing memory, without affecting the acquisition of reference memory in a three-panel runway task. In addition, rats trained preoperatively and then subjected to hippocampal lesions ex hibited a marked impairment of working memory, while they had normal retention of reference memory. Jarrard (17) and Olton and Papas (18) have reported that hippocampal le sions produce deficits in working memory, but do not have much influence on reference memory in the radial maze with only half of the arms baited. Similar results were obtained in rats with hippocampal neuronal damage in duced by transient forebrain ischemia (19, 20) . These findings demonstrate that the hippo campus is selectively involved in working memory, but not in reference memory. Con sistently, humans with hippocampal lesions can not remember new information that occurs in their daily lives, while they can com municate normally at least about events that occurred before their brain damage developed (4, 5) . The working memory impairment in rats with hippocampal lesions did not recover from levels observed at the first postoperative test even if 10 re-training sessions were given postoperatively once each day. It has also been reported that rats with destruction of the septum or fimbria-fornix anterior to the hippo campus had marked impairment of working memory performance in the radial maze and showed no signs of recovery of function when they were given 50 postoperative retraining sessions (1, 2) . Thus, a functional hippocam pal system is necessary for normal perform ance in the working memory task.
Central cholinergic function has been sug gested to play an important role in learning and memory. The administration of scopola mine, a muscarinic acetylcholine receptor antagonist, produces amnesic effects (21 23), while cholinergic drugs, including muscarinic agonists and acetylcholinesterase inhibitors, accelerate learning and memory in both hu mans and animals (22, 24, 25) . The most strik ing and consistent change in AD and SDAT is in the cholinergic system, as measured by a marked decrease in choline acetyltransferase activity in the hippocampus and cerebral cor tex (8, 9) . These findings have drawn atten tion to the cholinergic system as a possible site for therapy of the dementing disorders. Re cently, Summers et al. (26) reported improve ments in SDAT patients following administra Lion of a potent cholinesterase inhibitor, tetrahydroaminoacridine. The present study clearly indicated that physostigmine, a well known cholinesterase inhibitor, exerted an ameliorating effect on the impairment of working memory induced by dorsal hippocam pal lesions in the three-panel runway task. Minaprine also improved the deficit of work ing memory in hippocampal-lesioned rats. Minaprine was shown to increase the release of ACh from the hippocampus, by blocking the preaynaptic 5-HT2 receptor on the cho linergic neuron (27) . Both physostigmine and minaprine reverse the memory impairment in duced by scopolamine in this task (11) . On the other hand, the methyl donor S-adenosyl-L methionine, which exerts an ameliorating effect on working memory impairment in duced by cerebral ischemia in this task (14) , failed to improve the impaired working mem ory in rats with hippocampal lesions. We have previously reported that S-adenosyl-L-meth ionine also does not attenuate the scopolamine induced impairment of runway performance in rats (14) . These results, along with the well known septo-hippocampal acetylcholine fibers (28, 29) , suggest that lowering of the cho linergic function contributes to the impairment of working memory following hippocampal le sions in the three-panel runway task. This is consistent with the fact that injections of sco polamine into the dorsal hippocampus deterio rate the working memory of rats as assessed by a T-maze alternation task (30) .
Reference memory was not influenced by hippocampal lesions, while it was markedly impaired by intraperitoneal injection of scopo lamine. Systemic scopolamine also deteriorates working memory in the three-panel runway task (10, 11) . Okaichi et al. (31) reported that scopolamine impairs not only the working memory but also the reference memory of rats in the eight-arm radial maze with 4 arms baited. Intrahippocampal injections of scopo lamine impair the performance of working memory tasks to a greater extent than they affect reference memory tasks (30) . Therefore, it is conceivable that the septo-hippocampal cholinergic system does not play a role in re ference memory, unlike its contribution to working memory, and that systemic injection of scopolamine impairs reference memory through its blocking action on muscarinic re ceptors in brain regions other than the hippo campus.
We conclude that lesions of the dorsal hip pocampus in rats lead to the selective impair ment of working memory, which is attribut able to a lowering of the cholinergic function.
